We report observation of high-Q resonance in the photoresponse of a detector embedded in the 2D photonic crystal slab (PCS) microcavity illuminated by terahertz radiation. The detector and PCS are fabricated from a single GaAs wafer in a unified process. The influence of the period of PCS lattice, microcavity geometry, and detector location on the resonant photoresponse is studied. The resonance is found to originate from coupling of the fundamental PCS microcavity photon mode to the detector. The phenomenon can be exploited to devise a spectrometer-on-a-chip for terahertz range.
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However, its spectral location between optical and microwave frequencies hinders development of compact THz generation and spectroscopic systems. This leads to an increased need for components that can be used to manipulate THz radiation on-chip. However, in comparison with electrons in media, it is difficult to confine or store light and to control its speed. Photonic crystals (PCs) are expected to solve the problems by letting one manipulate the behavior of light in media beyond the conventional limitations. [2] [3] [4] However, at present photonics is not versatile enough, and many standard electronic functions such as memory and logic cannot be achieved by THz photonics alone. For this reason, research on hybrid photonic crystal-electronic structures is of great importance.
Early experiments on THz PCs have primarily focused on defect-free structures. 5, 6 Their main objective was to investigate properties of periodic media in a regime where fabrication was less challenging than at optical frequencies. However, it is clear that just as at optical frequencies, the utility of THz photonic crystals relies on the incorporation of defects to disturb the periodicity and thereby introduce localized cavity photon modes. 7, 8 The first terahertz experiments on PCs with embedded defects have demonstrated the existence of a high-Q photon cavity mode. [9] [10] [11] [12] [13] Research on hybrid PCelectronic devices was pioneered in the works of electrically pumped photonic-crystal THz quantum cascade lasers. 14, 15 The application of PC technology has enabled simultaneous spectral and spatial laser mode engineering.
In the present work we realize a hybrid PC-electronic THz detector system in a unified lithographic process. We study its properties and find a frequency selectivity with a quality factor of up to Q = 210, which opens possibilities for a "spectrometer-on-a-chip" for the sub-THz and THz frequency ranges.
A broadband detector and two-dimensional (2D) photonic crystal slab (PCS) consisting of a triangular lattice of air holes were fabricated from a single GaAs wafer with embedded GaAs/AlGaAs heterostructure. The wafer had a 20 nm single quantum well located 200 nm below the top crystal surface. Room temperature electron density was n s = 6 × 10 11 cm
with corresponding mobility 6000 cm 2 /V s. The detector was placed inside a microcavity composed of three linearly aligned missing air holes (defined as L3) [ Fig. 1(a) ]. The detector operation principle relied on coupling of incident terahertz radiation to the metallic detector gates that triggers plasma waves in the two-dimensional electron system (2DES). An ac plasmon potential was then rectified into dc photovoltage on the nonlinear defect introduced in the 2DES. The fabrication process was as follows. First, an ordinary optical lithography procedure was performed to fabricate the detector on the top crystal side. Details of the detector geometry can be found elsewhere. 16, 17 Then the wafer was thinned down to a thickness of h = 200 μm. After that, anisotropic deep reactive ion etching in the chlorine atmosphere was used to produce pass-through holes to form the PC. The etching was performed from the bottom side of the wafer to protect the detector. The resulting structure and wafer cross-section are shown in Figs. 1(a) and 1(b). PCSs have been made with triangular lattice constants a = 247, 292, 343, 374, 411, 544, and 816 μm. The diameter of holes was d = 0.6a, total sample size 6 × 6 mm 2 . Also, a reference sample of the same size and with the same detector but no PC (therefore, broadband) have been produced. Samples have been fixed by corners on a chip carrier with a through cut under the region of the photonic crystal [Figs. 1(c) and 1(d)]. To measure frequency response of the detector we used a set of tunable backward-wave oscillators operating in the frequency range 0.1 to 0.4 THz and generating continuous wave radiation with typical output power from 10 to 0.1 mW. The radiation was collimated into the parallel beam of 1 cm diameter and directed onto the sample perpendicularly to the PCS plane. The radiation was chopped at 25 Hz frequency, and photoresponse of the detector was measured synchronously at the same frequency. The measurements were carried out at room temperature. Figure 2 shows frequency dependence of photoresponse of the detector for two different samples. The bottom curve corresponds to the reference sample without photonic crystal. Signal modulation arises from interference of the standing electromagnetic waves inside the GaAs crystal, which acts as a resonator. The upper and middle curves display the photoresponse of the detector embedded in the L3 microcavity in the PCS with a period of a = 411 μm. The sample was irradiated from the back side. One curve was measured under the incident THz radiation with longitudinal polarization (E field along the microcavity axis), while another used transverse polarization. The curves were offset vertically for clarity. The presence of the photonic crystals results in suppression of most of the peaks related to internal reflections in the sample since no electromagnetic wave can propagate along its surface inside the stop band of the PC. It also gives rise to a sharp peak at the frequency f = 215 GHz with quality factor up to Q = 150, which is due to the resonance inside the microcavity. To explain why we observe resonance only in the polarization direction along the long side of the PCS microcavity, though resonances for both are expected in our frequency range, we performed numeric simulation of the electromagnetic field profile inside the microcavity dielectric slab. Two inset panels show maps of electric field amplitude in the longitudinal cross-section of the PCS (a = 411 μm) in longitudinal (right panel) and transverse (left panel) polarization directions at resonant point. The thick black line indicates the position of the detector in the microcavity. In both cases a parallel THz beam with unitary power was directed onto the back (bottom) side of the sample [ Fig. 1(d) ]. It is found that for the transverse polarization the field central lobe is shifted towards the back part of the crystal side, whereas in the longitudinal polarization the lobe is much stronger and is shifted towards the top surface, where the detector is located. simulations and the experimental results, which confirms that we do observe the effect caused by the photonic crystal. The dependence of the resonance frequency on the inverse period is not linear. That results from the fact that though the hole size of the photonic crystal scales proportionally to the period, the thickness of the slabs does not. The curvature can be explained qualitative as follows. At high frequency the wavelength is small compared to the slab thickness 200 μm and the electromagnetic field is concentrated inside the dielectric core of the photonic crystal slab. In this case the effective refractive index is close to the refractive index of GaAs. On the other hand, at lower frequency and correspondingly large wavelength the field spreads out of the dielectric. Hence, the effective refractive index of the system decreases and the resonance frequency becomes smaller than for an infinite 2D photonic crystal. The presented experimental results show that an inherently broadband detector embedded in the PCS microcavity obtains frequency selectivity. Therefore, a set of detectors with photonic crystals tuned to a specific frequency may serve as a spectrometer-on-a-chip for terahertz radiation.
The right inset to Fig. 3 shows detector photoresponse as a function of incident radiation frequency for a PCS with lattice constant a = 374 μm and diameter of air holes d = 0.4a, i.e., smaller than in the main figure. It shows, first, that the resonance frequency undergoes frequency redshift compared to the case of a d = 0.6a PC slab. Decrease of hole diameter results in increase of microcavity size, and in turn in reduction of resonance frequency from f = 231 GHz to 209 GHz. Second, the dashed line represents a Lorentzian fit to the resonant contour, which yields Q = 210. It has to be noted that the observed quality factors in our experiment vary from sample to sample. Presumably this is due to the structural nonuniformity of PCSs under study and wave scattering from the sample boundaries. Detailed study of all factors that determine microcavity Q factor is a subject of our further research. Finally, the observed photonic crystal stop band (not shown in the figure) is f = 18 GHz for this sample, which is much smaller than the f ≈ 50 GHz stop band for a PCS with d = 0.6a. The diameter of the air holes is expected to have a crucial effect on the width of the photonic crystal stop band. The experimentally observed stop band width quantitatively agrees with theoretical calculations, 18 and according to the At the resonance, the electric field is concentrated mainly inside the dielectric core of the PCS wafer (see inset panels in Fig. 2) , which produces an effect that is important for interaction between the resonance photon mode of the microcavity and the detector. The detector, located at the surface of the crystal, senses only the tail of the electromagnetic field, greatly reducing its effectiveness. One of the ways to verify this phenomenon is to place the detector into the center of the dielectric PC slab. This experimental configuration was achieved by placing one photonic crystal on top of the another identical one (Fig. 4) . The crystals were aligned better than 20 μm and glued together at the corners; the resulting air gap between the wafers was also no more than 20 μm. The bottom curve in Fig. 4 shows the photoresponse of the detector located at the surface of the microcavity in the PC with period a = 374 μm and thickness h = 200 μm. The top curve corresponds to the photoresponse of the detector located in between two identical photonic crystals (a = 374 μm, total thickness h = 400 μm). The amplitude of the resonance increases significantly when the detector is placed in the center of the dielectric PCS. The redshift of the resonance frequency is caused by the change in the PCS thickness from 200 μm to 400 μm and is in agreement with simulations. The inset shows results of the theoretical simulation for the electric field amplitude profile in the longitudinal cross-section of the PCS microcavities under study at corresponding resonance frequencies. When we move the detector from the center of the h = 400 μm PC slab to the surface of the h = 200 μm crystal, theory predicts a factor of 4 reduction of the electromagnetic field power density. This prediction is indeed confirmed in the experiment (Fig. 4) . The resonances in Fig. 4 have Q factors of about 80. Such low cavity finesse value is due to structural nonuniformity of the PCS used in this experiment.
In summary, we measured photoresponse of a detector embedded in the microcavity in a 2D photonic crystal slab illuminated by sub-terahertz plane-wave radiation propagating perpendicularly to the PCS plane. High-Q resonances were observed in frequency dependence of the photoresponse. It was demonstrated that the resonances originate from coupling of the microcavity photonic mode to the detector. We have studied the effect of the photonic crystal lattice period, hole size, and detector location on the resonant photoresponse. Theoretical FDTD simulations were found to be in good agreement with experimental data. Our experimental results demonstrate frequency selectivity of a system of integrated detector and PCS produced in one lithographic process. A set of such detectors with photonic crystals tuned to different frequencies may be used to produce a spectrometer-on-a-chip for sub-terahertz and terahertz waves.
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